The use of carbonate 'clumped isotope' thermometry as a geochemical technique to determine temperature of formation of a carbonate mineral is predicated on the assumption that the mineral has attained an internal thermodynamic equilibrium. If true, then the clumped isotope signature is dependent solely upon the temperature of formation of the mineral without the need to know the isotopic or elemental composition of coeval fluids. However, anomalous signatures can arise under disequilibrium conditions that can make the estimation of temperatures uncertain by several degrees Celsius. Here we use ab initio calculations to examine the potential disequilibrium mineral signatures that may arise from the incorporation of dissolved inorganic carbon (DIC) species (predominantly aqueous carbonate and bicarbonate ions) into growing crystals without full equilibration with the crystal lattice.
. We define the calcite clumped crossover pH as the pH at which the composite D 47 (DIC pool) = D 47 (equilibrium calcite). If disequilibrium D 47 (calcite) is misinterpreted as equilibrium D 47 (calcite), it is possible to overestimate or underestimate the growth temperature by small but significant amounts. Increases in salinity lower the clumped crossover pH and may cause larger effects. Extreme effects of pH, salinity, and temperature, such as between cold freshwater lakes at high latitudes to hot hypersaline environments, are predicted to have sizeable effects on the clumped isotope composition of aqueous DIC pools.
In order to determine the most reliable and efficient modeling methods to represent aqueous dissolved inorganic carbon (DIC) species and carbonate minerals, we performed convergence and sensitivity testing on several different levels of theory. We used 4 different techniques for modeling the hydration of DIC: gas phase, implicit solvation (PCM and SMD), explicit solvation (ion with 3 water molecules) and supermolecular clusters (ion plus 21 to 32 water molecules with geometries generated by molecular dynamics). For each solvation technique, we performed sensitivity testing by combining different levels of theory (up to 8 ab initio/hybrid methods, each with up to 5 different sizes of basis sets) to understand the limits of each technique. We looked at the degree of convergence with the most complex (and accurate) models in order to select the most
INTRODUCTION
Carbonate 'clumped isotope' thermometry is a powerful isotopic technique being applied to both inorganic and biogenic precipitates to probe the temperature history and physical chemical characteristics of ancient environments. Based upon the attainment of internal bulk thermodynamic equilibrium (i.e., internal isotopic exchange equilibrium) among multiply substituted isotopologues 1 of carbon and oxygen within the lattice of a carbonate mineral, this technique can be used to determine the temperature of carbonate precipitation (i.e., temperature of formation) without the need to know the isotopic composition of coeval fluids (e.g., Ghosh et al., 2006; Eiler, 2007; Dennis and Schrag, 2010; Eagle et al., 2010; Tripati et al., 2010) . This is a significant advantage over other widely utilized oxygen-isotope or element-ratio paleo-temperature proxies (e.g. Urey, 1947; McCrea, 1950; Shackleton and Opdyke, 1973; Shackleton, 1974; Kim and O'Neil, 1997) .
Most synthetic and natural carbonate minerals that have been measured (e.g., Ghosh et al., 2006; Dennis and Schrag, 2010; Eagle et al., 2010; Tripati et al., 2010; Thiagarajan et al., 2011) appear to exhibit equilibrium clumped isotope compositions similar to those predicted from theory (Wang et al., 2004; Schauble et al., 2006; Guo et al., 2009; this work) . However, disequilibrium clumped isotopic signatures have been reported, first in warm-water aragonitic corals and subsequently in other biogenic carbonates Thiagarajan et al., 2011; Eagle et al., 2013; Saenger et al., 2012) , as well as speleothems (Affek et al., 2008; Daeron et al., 2011) . Unrecognized anomalous signatures from disequilibrium conditions can potentially cause errors of several degrees Celsius in the estimation of temperatures and need to be addressed to avoid jeopardizing the reliability of clumping as a temperature proxy (e.g., Ghosh et al., 2006; Daeron et al., 2011) .
In this work, we explore theoretically the nature of clumping in solutions containing dissolved inorganic carbon (DIC) species under a variety of conditions, including varying pH, salinity, temperature, and isotopic composition. We also examine the potential effects of speciation in the parent DIC pool on clumping signatures preserved in precipitating carbonate minerals, since it is possible that some of the scatter in temperature calibrations produced to date results from incorporation of dissolved inorganic carbon (predominantly aqueous CO 2À 3 and HCO À 3 ions) into growing carbonate crystals without full equilibration within the crystal lattice. There may well be other causes for some of the scatter, such as degassing (e.g., Guo, 2008) and/or other kinetic effects (e.g., in corals as in Saenger et al., 2012 , or in speleothems as in Affek et al., 2008; Daeron et al., 2011) ; however, these effects are not considered in this study.
Ab initio modeling of solvated species such as DIC is known to be a complex problem and can be extremely computer intensive. Thus we also address the most efficient way to model clumped isotope fractionation in aqueous carbonate species and carbonate minerals. It is necessary to search for methods which are computer efficient, yet yield usefully accurate results, and to understand how these methods deviate from more accurate models. To this end, we have developed a series of electronic structure models that simulate aqueous and crystalline chemical environments. We compare the effects of both different levels of theory and different solvation simulation techniques upon the individual DIC species and upon the composite DIC pool. We used 4 different techniques for modeling the hydration of DIC: gas phase, implicit solvation, explicit solvation (ion with 3 water molecules) and supermolecular clusters (ion plus 21 or 32 water molecules with geometries generated by molecular dynamic time steps) (Fig. 1A) . We sampled 10 different conformers for each DIC supermolecular cluster model, in order to approximate a distribution of dynamic solvation structures. For each solvation technique, we applied different levels of theory (up to 8 ab initio/hybrid methods, each with up to 5 different sizes of basis set). We looked at the degree of convergence with increasing complexity and computational cost, in order to select an efficient and reliable modeling method. Studies of oxygen isotope fractionation by Zeebe (2009) and carbon isotope fractionation by Rustad et al. (2008 Rustad et al. ( , 2010a suggest that modeling of DIC species with aqueous clusters of 21 (Zeebe) to 30 (Rustad et al.) waters is necessary to attain good agreement with experimental oxygen and carbon isotope fractionations. An earlier study by Rudolph et al. (2006) , comparing gas phase models to solvated DIC species surrounded by 1, 2, or 3 waters, also emphasizes the importance of including solvation. Liu and Tossell (2005) found that cluster models (containing up to 34 water molecules) gave robust results when used to simulate isotope fractionations between aqueous boron species.
We also look at calcite, aragonite, and witherite mineral clusters, employing Rustad et al.'s (2008 Rustad et al.'s ( , 2010b ) method of building supermolecular clusters based on the conservation of Pauling bond strength (Fig. 1B and C) . This permits the use of the same theoretical and computational framework (i.e., basis sets, model chemistries) for species of all phases: gas, aqueous, and mineral (Rustad et al., 2008 (Rustad et al., , 2010b . Our comparisons of these different conditions allow us to determine a suitable method for the prediction of clumped isotope fractionation in the aqueous carbonate species. We also present and compare results from models of different complexities to serve as a future guideline for judging computer efficiency versus accuracy of results.
METHODS
In this section we define À Á of a carbonate mineral, considerations in the theoretical modeling of DIC species and the calcite, aragonite, and witherite lattices, the Redlich Teller self-consistency test, and the calculation of composite reduced partition function ratios and equilibrium constants for the large cluster models with little or no symmetry. A detailed, multi-step procedure for the calculation of clumped isotope signatures for all multiply substituted isotopologues (D 60 to D 67 ) is described in Appendix A.1. 
Definition

À
Á cannot yet be measured directly; the carbonate must first be converted to CO 2 by phosphoric acid digestion, and then measured in a gassource isotope ratio mass spectrometer Guo et al., 2009) .
The resulting clumped isotope signature D 47 is dependent upon the sum of the concentrations of all isotopologues of mass of 47 amu and is defined at a given temperature T as In the present study we are interested in differences in D 47 and D 63 of less than 0.1&, and so do not employ approximations like those suggested in Section 3.2 of Wang et al. (2004) , since D i of singly substituted isotopologues may not be <0.01& due to the asymmetry of the supermolecular clusters (see Table B .2 in Appendix B, the Electronic supplement, for examples of D i ). Cao and Liu (2012) have also proposed a slightly different method to approximate D 47 , which is expected nonetheless to yield the same ultimate results. The relative abundances of the isotopologues are dependent upon the thermodynamic equilibrium of the system at a given temperature T (i.e., the numerator in Eqs. (1) and (2)). The stochastic abundances (i.e., the denominator in Eq. (1) or Eq. (2)) are dependent upon the isotopic composition of the system. However, equilibrium D 63 is independent of the system's isotopic makeup. The calculation of D 63 is detailed in Appendix A.1. Computational routines for calculating isotopologue attributes were programmed in Scilab 5. 3.3 (2011) .
The 
Relation between D 63 and D 47 of a carbonate mineral
The D 47 of a carbonate mineral is related to the D 63 of the same carbonate sample by correcting for isotopic fractionation that occurs during phosphoric acid digestion, such that
where y is the fractionation factor for a given acid digestion temperature. Guo et al. (2009) determined experimental and theoretical values for the acid digestion fractionation factor y as follows:
Theoretical : y ¼ 0:220& for acid digestion at 25 C
Acid fractionation effects at different temperatures are well known for oxygen isotopes (Swart et al., 1991) . The acid digestion fractionation is also expected to show a small compositional dependence. Guo et al.'s (2009) theoretical models predict an increase of $0.035& in fractionation for every 1& increase in the D 63 of the carbonate sample.
Definitions of isotope fractionation factors:
13 C, and a (A -B)
The following common definitions are useful when discussing isotope fractionation (e.g., Faure and Mensing, 2004) . has D 3h symmetry in which the oxygen positions are indistinguishable (see Section 2.4). (blue = H, red = O, gray = C). Images taken using Jmol. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 6 Use of the polynomial regression equation as expressed in Eq. (23) in Guo et al. (2009) gives a theoretical fractionation factor of 0.237& for acid digestion at 25°C. where xi is the fractional mass of isotopologue i and xi is the fractional mass of isotopomer i. From here on we use the unsigned 'CO 3 ' to represent any carbonate of interest in these equations. Substituting the individual isotopomer masses for the composite isotopologue masses gives
The composite ratio of Ki/Ki-r (used by Wang et al., 2004 , in discussions of the relationship between K and D) can be calculated as a weighted average such that
where K2876-r is the stochastic composite equilibrium constant K2876 and the isotopomer stochastic equilibrium constants are denoted as K2876-r, K2867-r, K2786-r, K2768-r, K2678-r, and K2687-r. In a similar fashion the composite equilibrium constant K3866 can be calculated as
2.5. Ab initio and solvation models of aqueous DIC species and carbonate mineral lattices
In this section we describe the models and tests used to determine an optimal combination of ab initio method, basis set, and solvation technique for calculating D 63 , b
18 O, b
17 O, and b 13 C that is reasonably computationally efficient, yet yields usefully accurate results, and to determine how this method deviates from more accurate models constructed using higher levels of theory.
Prior work using large molecular clusters to model solvation in DIC species
Accurate vibrational frequencies are the most critical output from electronic structure models for the determination of isotope partitioning and isotopologue abundances. Earlier studies indicate that modeling an aqueous species is significantly improved by the inclusion of explicit waters of hydration. Rudolph et al. (2006) showed that modeling small clusters of DIC species (with 1 to 3 waters of hydration) gives a better match with measured vibrational frequencies than models of the DIC species in the gas phase. Zeebe (2009) found that the inclusion of increasing numbers of waters of hydration (up to 22) surrounding a carbonate ion CO 2À 3 À Á improved the accuracy of the model's prediction of the oxygen isotope fractionation between CO 2À 3 and water. He found good agreement between theory and experiment with about fifteen or more waters of hydration. Rustad et al. (2008 Rustad et al. ( , 2010b performed an in-depth study of the use of supermolecular clusters to predict carbon isotope fractionation in DIC aqueous species. When comparing gas phase models to implicit solvation models and to supermolecular clusters of different sizes (7 to 64 waters of hydration) using different ab initio methods and basis set combinations, they concluded that supermolecular clusters are better predictors of carbon isotope fractionation than gas models or implicit solvation models. However, the potential energy surfaces of the supermolecular cluster systems are very flat due to the weak H bonds and overall system complexity as would be expected given the dynamism of solutions (i.e., because solutions are dynamic and not at the global minimum energy configuration most of the time). With such a system, any optimized geometry is likely to be a local energy minimum rather than the global minimum. Thus it is necessary to take the average value of several conformers to obtain a reasonable estimate of cluster system properties. Rustad et al. concluded that an average of ten conformers is sufficient to predict 13 C/ 12 C fractionation within a standard error 8 It is also possible to define the composite b
18
O as the simple arithmetic average or as the weighted arithmetic average of the 3 isopomer b values. Differences in these definitions in our models are exceedingly small, on the order of 0.001& or less.
9 For the carbonate ion systems, the individual isotopomer equilibrium constants for the isotopologue 2876 (i.e., K2876, K2867, K2786, K2768, K2678, and K2687) will each be greater than 1 when calculated for a molecular system with C1 symmetry (e.g., all the supermolecular CO 2À 3 Ã nðH 2 OÞ clusters). However, when the composite equilibrium constant K2876 or K287 is calculated (Eq. (11)) for a system with inherent symmetry (e.g., CO 2À 3 and CO 2 respectively), the composite K2876 or K287 will be less than 1 (K2876 $ 0.67 for CO 2À 3 and K287 $ 0.5 for CO 2 ). The stochastic value for each individual isotopomer of K2876 is 1, but the stochastic value for the composite K2876 is 2/3. Similarly, for CO 2 the stochastic value for individual isotopomers of K287 is 1, and the composite K287 stochastic (classical) value is 1/2. These stochastic values arise from the inherent symmetry of CO 2À 3 and CO 2 .
of the mean (se) of 0.3 to 0.5& at 25°C. They evaluated ab initio/hybrid methods such as PBE and B3LYP, combined with basis sets 6-31G * , 6-311G * , and aug-cc-pVDZ (see next section for references). They concluded that the B3LYP/aug-cc-pVDZ combination was "probably the most accurate. . .showing that hybrid functionals and diffuse basis functions improve the description of hydrogen bonding in aqueous systems (Xantheas, 1995; Sim et al., 1992; Hamman, 1997 )" (page 552, Rustad et al., 2008) . Since the augcc-pVDZ basis set is computationally very expensive, they also concluded that the PBE/6-31G * combination with conformers of about 30 waters of hydration was a reasonable alternative and can predict b 13 C for gas, aqueous, and solid state carbonate system within 3& se. They further concluded that use of the B3LYP/aug-cc-pVDZ can reduce the standard error of b 13 C to about 1&. Ã 3ðH 2 OÞ. The species were chosen to allow us to compare a variety of ionic charges and the effect of 2 different (simple) solvation techniques. The use of simple species also allowed us to test more complex ab initio methods. We looked at the degree of convergence of each combination of method and basis set with the most complex (and presumably accurate) models in order to select the most reliable and efficient modeling methods. We used ab initio/hybrid methods: RHF (restricted Hartree Fock), DFT (Density Functional Theory) including B3LYP (a versatile and popular hybrid method which combines the exact electron exchange treatment of Hartree-Fock theory with the Lee, Yang and Parr correlation functional: Becke, 1993; Lee et al., 1988) , PBE (the exchange functional combined with the gradient-corrected functional of (Perdew et al., 1996 (Perdew et al., , 1997 , and functionals from the newer M06 series: Zhao and Truhlar, 2008a,b; Yang et al., 2010) , MP2 (Møller-Plesset perturbation theory level 2: Head-Gordon et al., 1988) , CCSD (Coupled-Cluster Singles and Doubles: Cizek, 1969; Scuseria et al., 1988) , and QCISD (Quadratic Configuration Interaction with Single and Double Excitation: Pople et al., 1987) .
The CCSD and QCISD ab initio methods are the most accurate approaches considered here, but the computational cost becomes prohibitive for studies of large molecules (e.g., Johnson et al., 1993; Thomas et al., 1993a,b; Oliphant and Bartlett, 1994; Bartlett, 1995; Bartlett and Musial (2007) ; Scott and Radom, 1996 and references therein) . Results from hybrid DFT methods on aqueous clusters may perform as well as the MP2 method (Xantheas, 1995) . The RHF method can be a good first order approximation, but is typically outperformed by other methods at higher levels of theory (e.g., Lee and Scuseria, 1995; Johnson et al., 1993; Thomas et al., 1993a,b; Oliphant and Bartlett, 1994; Bartlett, 1995; Scott and Radom, 1996 and references therein; Wong, 1996; Halls and Schlegel, 1998; Crawford and Schaefer, (2000) .
We combined progressively larger Pople basis sets with each method, increasing the number of polarizing and diffuse Gaussian orbitals. We used 6-31G * (split valence double zeta with polarization) (Hariharan and Pople, 1973; Rassolov et al., 1998) , 6-311G * (split valence triple zeta plus polarization) (Blaudeau et al., 1997) , and 6-311++G(2d,2p) (split valence triple zeta with polarization and added diffuse functions) (Krishnan et al., 1980; Blaudeau et al., 1997) . We compared the Pople basis sets against the Dunning group correlation-consistent polarized basis sets cc-pVTZ (valence triple zeta with polarization) and aug-cc-pVTZ (augmented with added diffuse functions) (e.g., Kendall et al., 1992; Woon and Dunning, 1993) . We used aug-cc-pVTZ for direct comparison with 6-311++G(2d,2p) instead of the smaller aug-cc-pVDZ (valence double zeta, used by Rustad et al. (2008) ). The largest two basis sets, 6-311++G(2d,2p) and aug-cc-pVTZ, appear to be near reasonable basis set convergence thresholds for the chosen density functionals (e.g., Molnar et al., 2009; Bryantsev et al., 2009; Suârez et al., 2011) .
18 O, and b 13 C calculated using different solvation techniques
We generated electronic structure models for each of the DIC species: H 2 CO 3 (cis-trans conformer - Fig. 2A) , HCO À 3 , and CO 2À 3 ( Fig. 2B and C) . For each DIC species we applied 4 different solvation techniques: (1) simple gas phase models of isolated DIC species, (2) implicit solvation (self consistent reaction field -SCRF), (3) explicit solvation using three water molecules surrounding each DIC species, and (4) supermolecular cluster models containing 21 to 32 water molecules (Fig. 1A) .
The different solvation approaches mentioned above employ increasingly complex simulations of the aqueous environment. Implicit solvation models attempt to capture some of the chemical properties of a solute species, at reduced computational expense, by surrounding a cluster of atoms (including explicitly designated water molecules if desired) with a continuous dielectric medium approximating the properties of liquid water. We used the polarizable continuum model (PCM) of Miertus et al. (1981) with a dielectric constant equal to that of pure water (80.1 at 20°C). We also used the SMD model (Marenich et al., 2009 ), a sophisticated self-consistent reaction field implicit solvation model that has worked well with the M06 series DFT functionals developed by the Truhlar/Cramer group in previous studies Chamberlin et al., 2008) .
For the explicit solvation method (also known as the water droplet method), we simulated the solvent by surrounded each DIC species with 3 water molecules distributed symmetrically around and in the same plane as the central ion (patterned after Rudolph et al., 2006) .
The fourth solvation method consisted of supermolecular clusters, in which the DIC species is surrounded by 21 or 32 water molecules, numbers suggested by Zeebe (2007) and Rustad et al. (2008) respectively. Molecular dynamics has been shown to be useful in setting up representative solvation structures around reactant and product molecules -which can then be "quenched", i.e., relaxed and subjected to static vibrational frequency calculations (e.g., bulk isotope partitioning studies by Rustad and Bylaska, 2007; Rustad et al., 2008 Rustad et al., , 2010a Zeebe, 2009 ). The molecular dynamics simulation program Moldy (Refson, 2000) was used to generate the supermolecular clusters as described above. Lennard-Jones potentials and partial charges for DIC species and water were taken from Zeebe (2011) and references therein. Isotopic partitioning results for each DIC species are the average of up to 10 conformers. We had to omit 3 conformers in which the DIC species morphed into another species during optimization. Obtaining optimized geometries for such large systems requires frequent user intervention (Appendix A.4).
2.5.4. Modeling calcite, aragonite, and witherite lattices as supermolecular clusters
The calcite and aragonite mineral lattices were modeled as supermolecular clusters patterned after the cluster representation of mineral lattices by Rustad et al. (2008 Rustad et al. ( , 2010b ( Fig. 1B and C À Á . Each Ca atom in all the oxygen-calcium bonds from this outer layer (i.e., that is not part of the inner six Ca-O polyhedra) is replaced by a ghost atom at a distance of 1 Å from the oxygen atom (along the vector of the Ca-O bond) with a charge equal to the Pauling bond valence (+1/3 for calcite and +2/9 for aragonite). The cluster has an overall neutral charge. The positions of all atoms in the outer layer are frozen during the geometry optimization calculations. All ab initio calculations on the outer, frozen atoms were performed with the 3-21G basis set; calculations on the inner, moveable atoms were performed by a variety of basis sets, as did Rustad et al. on their molecular clusters. All ab initio calculations were performed with Gaussian09, Revision B.01 (Gaussian 09, Revision B.01, 2010) on the UCLA Hoffman2 computer cluster.
We also modeled witherite (BaCO 3 ) as a supermolecular cluster for comparison with experimental runs. Witherite belongs to the same space group as aragonite. However, the 6-311++G(2d,2p) basis set cannot be used with Ba, so we used the small SDD basis set (without polarization or diffuse functions), which combines the D95 basis set (Dunning and Hay, 1976) with the Stuttgart RSC 1997 ECP basis set (e.g., Fuentealba et al., 1985) . Comparison with species run with both the Pople and SDD basis sets allowed us to estimate results for the witherite cluster compared to calcite and aragonite clusters run with B3LYP/6-311++G(2d,2p).
The use of supermolecular cluster models allows comparison of crystal lattices with aqueous species within a consistent computational and theoretical framework (Zeebe, 2009; Rustad et al., 2008 Rustad et al., , 2010b . Such an approach should help cancel out systematic errors. This is the first time this technique has been applied to model clumped isotope signatures of crystals and supermolecular aqueous clusters together.
Self-consistency test: Redlich Teller Product Rule
The Redlich Teller Product Rule (Redlich, 1935; Herzberg, 1966 ) provides a check on the numerical self-consistency of the calculated vibrational frequencies.
where superscripts 1 and 2 refer to isotopically light or heavy atoms respectively, "m" = mass of the carbonate atom , "M" = mass of molecular system, m = vibrational frequency, and Ix, Iy, and Iz are the moments of inertia around the x, y, and z axes respectively with the origin at the center of mass of the molecular system (Nakamoto, 1997) . In the case of single molecules in the gas phase, then "m" = the mass of the substituted isotope(s). For 13 C substitutions in molecules with a center of symmetry, such as symmetric isotopomers of CO 2 and CO 2À 3 in the gas phase, the moments of inertia will cancel to 1. For other molecular systems without a center of symmetry, the product of the ratios of the moments of inertia is not 1, but should still be relatively close to unity ($1 ± 10 À3 to 10 À6 depending on the molecular system). Sometimes the moments of inertia are omitted from the equation and the computed value of the left-hand side of Eq. (15) is used to evaluate the numerical self-consistency of large systems (see Rustad et al., 2008) .
All models used in the present study are found to obey the Redlich Teller relations: models with isotopesubstitution at a center of symmetry obey exactly (within likely rounding errors in calculated vibrational frequencies), while models with asymmetric substitution deviate by slightly more, but are still within the expected range (Rustad et al., 2008) .
RESULTS
In this section we summarize the reasons for our choice of the 2p) Models constructed using the 2 largest basis sets 6-311++G(2d,2p) and aug-cc-pVTZ were similar, with D 63 values deviating from each other by less than 0.001& on average (range 0.000 to 0.006&), most likely indicating approach to the complete basis set limit for hybrid density functionals (e.g., Molnar et al., 2009; Bryantsev et al., 2009; Suârez et al., 2011) . The 6-311++G(2d,2p) basis set has fewer basis functions and allows faster computations than aug-cc-pVTZ. Rustad et al. (2008) tested a range of basis sets and model chemistries for estimating 13 C/ 12 C fractionation, and concluded that the hybrid B3LYP method combined with the double-zeta aug-cc-pVDZ basis set gave the best match to experiment for b 13 C. We find that trends in D 63 in our convergence study are similar to those of b 13 C, and the B3LYP method produces results that are close to those of higher levels of theory (viz., CCSD and QCISD). The B3LYP models in the convergence study also do well matching experimental vibrational frequencies and bond lengths from higher-order methods. We found no statistically significant differences between results from clusters with 21 waters or 32 waters (see Appendix A.2 for detailed results of the convergence studies, comparison of theoretical predictions of vibrational frequencies and bond lengths with measured values, and effect of scaling factors.) Therefore, we conclude that the B3LYP/6-311++G(2d,2p) model is a reasonable compromise between accuracy and computer efficiency for the calculation of D 63 , b 13 C, and b 18 O. The B3LYP/6-311++G(2d,2p) cluster models of the calcite and aragonite lattices, built following Rustad et al. (2008 Rustad et al. ( , 2010a , also perform very well when compared to both the experimental calibration curve of Dennis and Schrag (2010) and the theoretical curve of Guo et al. (2009) and Schauble et al. (2006) (Section 3.4.4).
Comparison of solvation techniques
We compared values of D 63 , b 13 C, and b
18
O at 25°C for each DIC species calculated with each of the four solvation techniques: (1) gas phase, (2) implicit solvation, (3) explicit solvation (with 3 waters), and (4) supermolecular clusters (see Section 2.5.3) using the B3LYP method paired with the 3 Pople basis sets for each DIC species ( Fig. A2A -C and the first 5 columns of Table A3 ). Within a given method, basis set, and solvation method,
However, the relative size of D 63 does not vary consistently with changing basis set, solvation technique, or species. Based on the superior performance of large molecular clusters in prior evaluations of the accuracy of solvation techniques (Liu and Tossell, 2005; Rudolph et al., 2006; Rustad et al., 2008 Rustad et al., , 2010a Zeebe, 2009) , we have concentrated our efforts on supermolecular clusters using the B3LYP method with the 6-311++G(2d,2p) basis set. The supermolecular clusters are also better predictors of oxygen and carbon isotope fractionation than the other solvation techniques (Section 3.4.1).
The B3LYP models in the convergence studies also do well matching experimental vibrational frequencies and bond lengths from higher-order methods (see Appendix A.2). Predictions of 13 C/ 12 C and 18 O/ 16 O fractionation match well with experimental values. Effects of scaling the vibrational frequencies are discussed in A2.4.
D 63 , b
13 C, and composite b 18 O for DIC species (B3LYP/ 6-311++G(2d,2p) supermolecular cluster models)
The models predict distinct values of D 63 for each of the 3 DIC species, such that
. This is also true of b 13 C, and composite b
18 O (Table A1 and Fig. 3 ). As detailed in Section 2.5, for each supermolecular cluster we sampled up to 10 different conformers, in order to approximate a distribution of dynamic solvation structures. The geometry of each individual conformer was generated from the quenching of different time steps from a molecular dynamics simulation. This is very similar to the approach taken successfully by Rustad et al. (2008) , in which they used ab initio molecular dynamics. Values of D 63 , b 13 C, and composite b 18 O of individual conformers for each Fig. 3 . D 63 of DIC species calculated the B3LYP/6-311++G(2d,2p) models averaged over ten individual conformers (see Fig. 4 ) for temperatures from 0 to 100°C (Table A1) .
DIC species are shown in Table 1 and Fig. 4 ; average values of DIC species, calcite, and aragonite from 0°to 1000°C are shown in Table A1 . At 25°C the average values for supermolecular cluster B3LYP/6-311++G(2d,2p) models give D 63 CO À Á is 0.0368 at 0°C, 0.0331& at 25°C, 0.0300& at 50°C, and 0.0255& at 90°C (see Table A1 and Fig. 3 for the B3LYP/6-311++G(2d,2p) models at 25°C. Both tests were highly significant with p < 0.001 (t = À6.04, df = 18 and t = À7.44, df = 18 respectively), implying that D 63 of the set of conformers for HCO À 3 is statistically different from the two other DIC species. Our calculations using different isotopic compositions of the carbonate species confirmed that D 63 is dependent upon only temperature. O of the individual conformers for each set of supermolecular clusters for the 3 DIC species at 25°C as calculated by the B3LYP/6-311++G(2d,2p) models. Averages and standard errors are included for each set (Fig. 4) 18 O, and D 63 at 25°C for the B3LYP/6-311++G(2d,2p), B3LYP/6-311G * , and B3LYP/6-31G * calcite and aragonite cluster models. Ranges in model differences for calcite (aragonite) b 13 C, b 18 O, and D 63 are 10& (8.4&), 7& (4.5&), and 0.041& (0.033&), respectively. These are similar to the average differences in the B3LYP aqueous models, indicating that choice of basis set when calculating D 63 can be significant for both aqueous and mineral species.
D 63 of the witherite cluster model could not be compared directly with the B3LYP/6-311++G(2d,2p) calcite or aragonite models because the 6-311++G(2d,2p) basis set does not handle the barium atom (see Section 2.5.4). We used B3LYP/SDD model to compare all 3 mineral clusters. At 25°C, the B3LYP/SDD models for D 63 are 0.3556& for witherite and 0.3671& for calcite. Based on these results, we project that in general, D 63 for witherite will be about 0.01& smaller than D 63 for calcite and about 0.015 to 0.02& smaller than D 63 for aragonite for most models.
Comparison with previous experiments and theory
Oxygen and carbon isotope fractionation
To estimate oxygen isotope fractionations we compared B3LYP models constructed with three basis sets (6-31G * , 6-311G * , and 6-311++G(2d,2p)) to measured oxygen isotope fractionations between DIC species and liquid water (Beck et al., 2005) (Table 3) . Following a procedure similar to that in Zeebe (2009) 
Since the oxygen fractionation between liquid water and water vapor is 1.0094 at 25°C (Majoube, 1971; Horita and Wesolowski, 1994) , it follows that
In the above equations, for each b 18 O CO 2À 3 À Á , we calculated the corresponding b 18 O(H 2 O(g)) using the same method/ basis set combination (Table 2 ). Similar equations hold for a 18O HCO À 3 À H 2 OðlÞ À Á . We tested model predictions of carbon isotope fractionation between DIC species and CO 2 (g) using experimental results from (Zhang et al., 1995) (Table 4) .
We used the corresponding model of b 13 C (CO 2 (g)) for each b 13 C (CO 2 (g)) ( Overall, the supermolecular clusters yield the best match to observed carbon isotope fractionation (Table A3, Table 5 shows a comparison of reduced partition function ratios for 13 C/ 12 C (b 13 C) for selected gas and supermolecular cluster models from Rustad et al. (2008) and this work. b 13 C from the same models are within 0.001 (1&) of each other, except for B3LYP/6-31G * , which differs by 0.003 (3&). b 13 C from aug-cc-pVDZ and aug-cc-pVTZ for the same species and solvation model are within 0.002 (2&) of each other.
D i (CO 2 (g))
We compared the predicted values of D 47 , D 48 , and D 49 (CO 2 ) from our models with the predictions of Wang et al. (2004) . They used two different sets of vibrational frequencies for their calculations for the clumped isotope signatures of CO 2 at 200 K, 300 K and 1000 K. We made the same calculations for several different method/basis sets combinations (Table A8 , Fig. A5 ). The predicted values of D 47 from the B3LYP, MP2, CCSD, and QCISD models are very close to the two predictions of Wang et al. (0.9138 and 0.9243 at 300 K). The M06 and M06-2X models yield slightly higher D 47 than Wang et al. (2004) while the PBE models are lower. D 47 from the B3LYP/6-311++G(2d,2p) model is 0.9019& at 300K.
Calcite and aragonite D 47
We compared our equilibrium cluster model of calcite to the experimental calibration of Ghosh et al. (2006) (1-50°C), Dennis and Schrag (2010) (7.5-77°C), and the theoretical curve from Guo et al. (2009) , which combines a model acid digestion fractionation factor with predicted clumping equilibria from Schauble et al. (2006) (Table 6 (5)). For all conversions of D 63 to D 47 we assume that the temperature of the phosphoric acid digestion processes on the calcite samples is 25°C. The temperature at which the acid digestion takes place should not to be confused with the temperature of formation of the calcite crystal.
The slope of the B3LYP/6-311++G(2d,2p) calcite vs. temperature model is very similar to both the Dennis and Schrag (2010) curve and the Guo et al. (2009) curve below about 40°C; above 40°C our result is slightly less sensitive to temperature. All three are less sensitive to temperature than the Ghosh et al. (2006) calibration. The vertical position of the B3LYP/6-311++G(2d,2p) depends upon the acid digestion fractionation factor (Eqs. (3)- (5)). To illustrate this, the B3LYP/6-311++G(2d,2p) model result is shown both (1) as corrected with Guo et al.'s (2009) experimentally determined acid fractionation factor of 0.232 ± .015; and (2) as corrected with their theoretical factor of 0.220&. The B3LYP/6-311++G(2d,2p) result corrected with either acid fractionation factor falls well within one standard deviation of the Dennis & Schrag calibration.
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We also compared the theoretical predictions from our calcite and aragonite cluster models of oxygen and carbon isotope fractionation (b 18 O and b 13 C respectively) with previous theoretical and experimental results ( Table 7) . The calcite crystal lattice model of Schauble et al. (2006) uses first-principles lattice dynamics (i.e., density functional perturbation theory with norm-conserving pseudopotentials) to predict b 18 O, b 13 C, K3866, and K2876. Chacko et al. (1991) computed reduced partition function ratios (b factors) using statistical mechanics and the measured vibrational mode frequencies of the Table 4 Experimental carbon isotope fractionation between CO 2 (g) and DIC species (from Zhang et al., 1995 Table 5 Comparison of reduced partition function ratios for 13 C/ 12 C (b 13 C) for gas phase and supermolecular cluster models with other works. Values from this work and from Rustad et al. (2008) T 2 þ ð0:2470 AE 0:0194Þ ( D e n n i s a n d
Schrag, 2010, Eq. (4)).
calcite lattice. Rustad et al.'s (2008 Rustad et al.'s ( , 2010a supermolecular calcite clusters are the basis for our calcite and aragonite models. The present isotope fractionation factors are very close to these. Our equilibrium constants K3866 and K2876 for both calcite and aragonite are slightly higher than those of Schauble et al. (2006) . O and C isotopic fractionation between aragonite and calcite are also slightly larger. (Table B. 3 in Appendix B, the Electronic supplement). As expected all D i are roughly proportional to temperature squared at Earth surface temperatures.
DISCUSSION
In this section we discuss theoretical predictions for attributes of the composite DIC pool, and their possible effect on the clumped isotope signature of carbonate minerals precipitating from that pool without reaching full internal equilibrium. Table 6 Comparison of D 63 and D 47 of calcite mineral at equilibrium for several experimental and theoretical models. The comparison plots from Ghosh et al. (2006) , Dennis and Schrag (2010) , and Guo et al. (2009) (using K values from Schauble et al. (2006) ) are calculated from their polynomial fit equations. Our B3LYP/6-311++G(2d,2p) model is shown with both the experimental acid digestion fractionation factor (0.232 ± 0.015&) and the theoretical factor (0.220&) (fractionation factors from Guo et al., 2009) Ghosh et al. (2006) , Dennis and Schrag (2010) , and combined Guo et al. and Schauble et al. (from Guo et al., 2009 ) are calculated from their polynomial fit equations. The B3LYP/6-311++G(2d,dp) calcite model (this study) is shown with both the experimental acid digestion fractionation factor (0.232 ± 0.015&) and the theoretical factor (0.220&) for acid digestion at 25°C (Eqs. (3)- (5)) . (See Table 6 .) These graphs are drawn in the original reference frame (i.e., relative to a stochastic distribution) and not in the "absolute reference frame" of Dennis et al. (2011) . À Á . The relative abundances of the DIC species are determined by the pH of the solution, based on the following equations and the associated equilibrium constants K 1 and K 2 .
The pH at which crossover points occur (i.e., when the concentrations of two of the species are equal) is dependent upon the equilibrium constants of the dissociation reactions. K 1 and K 2 are usually presented as pK 1 and pK 2 where pK 1 = Àlog(K 1 ) and pK 2 = Àlog(K 2 ). We calculated the speciation of DIC at different temperatures and salinities using the experimental curves for K 1 and K 2 from Millero et al. (2006) ( Table 8) . These values are valid for temperatures from 0 to 50°C and salinities from 0 to 50.
The relative abundances of the DIC species are affected primarily by pH and secondarily by salinity and temperature (Table 9 , Fig. 6 ). An increase in either salinity or temperature effects a decrease in K 1 and K 2 (Table 8) , resulting in a shift of the species abundance crossovers toward lower pH (Fig. 6) . The effect of decreasing salinity is greater than that of decreasing temperature. An increase in salinity also slightly lowers the maximum value of HCO À 3 and the pH at Table 9 Fractional abundances (f) of the DIC species vs. pH for different temperatures (T) and salinities (S). The equilibrium constants pK 1 and pK 2 change with T and S ( Table 8 , Fig. 6 ) (Millero et al., 2006) . Note that the sum of the fractional abundances of the 3 species is unity, i.e., 
which the maxiumum occurs. Note that in Table 9 , the sum of the relative abundances of the 3 DIC species, fð½H 2 CO 3 þ CO 2 ðaqÞÞ þ f HCO
À Á is unity. At low pH, the amount of H 2 CO 3 relative to CO 2 (aq) is extremely small, less than 0.2% (Falcke and Eberle, 1990; Tossell, 2006; Adamczyk et al., 2009; England et al., 2011; Soli and Byrne, 2002 In order to calculate a composite D 63 for the DIC pool at low pH, we make the following assumptions. Since the hydration of CO 2 (aq) occurs at a much slower rate than the deprotonization of H 2 CO 3 to HCO À 3 (i.e., stripping off a proton occurs much more rapidly than acquiring an extra O to form a carbonate ion) (Adamczyk et al., 2009 ), we assume that any carbonate mineral precipitating rapidly from a DIC pool at low pH will form from the instantaneous H 2 CO 3 and HCO À 3 components of the DIC pool and not directly from CO 2 (aq). For the purpose of the current first order calculations, we ignore any subsequent conversion of CO 2 (aq) to H 2 CO 3 or HCO À 3 . We also assume that the DIC species are at equilibrium with one another and with the solution water.
The amount of H 2 CO 3 relative to CO 2 (aq) is about 0.1% in the temperature range of 15°C to 32.5°C and salinity close to that of sea water (Soli and Byrne, 2002) . For the purposes of the following calculations, we also assume that the ratio of H 2 CO 3 to CO 2 (aq) is a constant 0.001.
We then calculate D 63 of the composite DIC pool from D 63 of the three DIC species containing CO 3 weighted by their relative abundances at a given pH such that
and respectively in the DIC pool (without the CO 2 (aq)) and Table 9 ). Note that the maximum abundance of HCO (Table 10 and Fig. 7) .
Other isotopic attributes of composite DIC pool
Composite b 13 C and b 18 O for the DIC pool (neglecting water) can be calculated as above using the fractional abundances of the DIC species times the individual b 13 C or b 18 O respectively of each DIC species. This should be a reasonable approximation for pH P 8 (i.e., when the amount of CO 2 (aq) is negligible). At lower pH, it is not clear how 
Precipitation rate
The rate of precipitation may be an important factor modulating whether DIC speciation effects on clumping are recorded in carbonate minerals . Because CO 2À 3 and HCO À 3 ions have distinct clumping equilibria, the state of bond ordering recorded by carbonates precipitated in disequilibrium may vary depending on the pH of the solution at the site of precipitation. This supposes that when a calcite crystal precipitates from a DIC pool slowly enough that it has time to come to internal bulk equilibrium, its clumped isotope signature is independent of the pH of the parent solution. Thus while the D 63 of the DIC pool will change with pH, the D 63 of a slowly precipitating carbonate crystal will be dependent only upon the temperature of the pool. However, this effect should be modulated by precipitation rate, with rapid precipitation tending to favor disequilibrium incorporation of part or all of the clumped isotope signature of the DIC pool into the crystal lattice and slow precipitation favoring attainment of independent clumped isotope equilibration throughout the lattice. We note that there are other factors, such as kinetic effects, that may also affect the disequilibrium D 63 of a carbonate mineral precipitating in disequilibrium, but we do not address those factors in the current study.
Calcite clumped crossover pH
The above hypothesis (Section 4.2.1) implies that when a calcite crystal precipitates from a DIC pool sufficiently rapidly that it does not have time to reach an internal bulk equilibrium, then it may inherit all or part of the D 63 of the DIC pool. To help quantify this effect, we define the clumped crossover pH as the pH at which the calcite D 63 at equilibrium is equal to D 63 of the DIC pool at equilibrium. The clumped crossover pH determines the pH at which the disequilibrium D 63 of a precipitating calcite mineral may be misinterpreted as either an overestimation (high pH) or an underestimation (low pH) of temperature of formation if the 'apparent D 63 ' (i.e., measured D 63 ) is assumed to be the calcite equilibrium D 63 value (Table 11) .
For pH values less than the clumped crossover pH, the DIC D 63 is greater than the equilibrium calcite D 63 , and the disequilibrium calcite D 63 will be greater than the equilibrium calcite D 63 . This can result in an underestimation of temperature from 'apparent D 63 ' for example, at pH =7, T = 25°C, S = 0, temperature is underestimated by 3.2°C (Fig. 8) if calcite inherits the composite DIC D 63 .
For pH greater than the clumped crossover pH, the DIC D 63 is less than the equilibrium calcite D 63 . Thus the disequilibrium calcite D 63 will be less than the equilibrium calcite D 63 , resulting in an overestimation of the 'apparent D 63 ' temperature; for example, at pH = 12, T = 25°C, S = 0, temperature will be overestimated by 8.7°C (Fig. 8) . The situation for aragonite is somewhat different since the clumped crossover pH for aragonite occurs at lower pH than calcite due to its higher D 63 . Thus, apparent temperatures derived from disequilibrium aragonite D 63 for pH greater than about 4 (depending upon salinity) will potentially overestimate the actual temperature of formation (Figs. 7 and 8) . Conversely, if our estimate for witherite is correct, then the clumped crossover pH for witherite would be higher (by about $0.8 pH units) than that for calcite at 25°C.
Effects of salinity and temperature on DIC pool D 63 and clumped crossover pH
Natural carbonates and carbonate-bearing solutions occur over a wide range of temperatures, pH, and salinities. We investigated the effects of salinity on the composite DIC D 63 and clumped crossover pH for 3 different environments, each with a range of temperatures: salinity = 0 (Table 11 ). Possible contributions from CO 2 (aq) are not included in these calculations -see Section 4.1.2. At equilibrium D 63 of calcite is independent of pH and of the DIC solution. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 8 . Range of possible pH dependencies of calcite D 63 if the crystal precipitates at disequilibrium at 25°C and salinity = 0. The clumped crossover pH is the pH at which calcite D 63 equilibrium = DIC D 63 at equilibrium. If pH < clumped crossover pH, then the disequilibrium calcite D 63 > equilibrium calcite D 63 (green stripped area) and the "apparent temperature" underestimates temperature; if pH > clumped crossover pH, then the disequilibrium calcite D 63 < equilibrium calcite D 63 (pink stripped area) and the "apparent temperature" overestimates temperature. D 63 values are from the B3LYP/6-311++G(2d,2p) models (see Section 4.2.2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (fresh water), salinity = 35 (common seawater) and salinity = 50 (brine). Although seawater and briny solutions will be affected by the presence of other ions and possibly ion pairing, we considered only salinity in the following calculations. These effects, however, are not likely to be important for all carbonates, but only for carbonates that are precipitated at rapid growth rates.
The effect of increased salinity is to lower the pH at which the inflection points in the DIC D 63 curve occur ( Fig. 9 and Tables 8 and 9). As a result, the clumped crossover pH also decreases (Fig. 9A) . Salinity does not affect the calcite equilibrium D 63 . At 25°C the crossover pH is 9.90 for S = 0, 8.55 for S = 35, and 8.4 for S = 50 (Table 10 ). Since the calcite clumped crossover pH intersects the DIC D 63 curve at a location of rapid change (i.e., steep slope), a typical experimental D 63 standard error of, say, ±0.005& would correspond to an uncertainly in the crossover pH of about 0.3 to 0.4 and an uncertainly in temperature of roughly 1 to 2°C.
The effect of a temperature increase is twofold; the primary effect is a reduction in D 63 of the composite DIC pool as well as the calcite equilibrium D 63 , since D 63 is thermodynamically dependent upon temperature. A secondary effect is the lowering of the DIC equilibrium constants (pKs), which also shifts changes in the relative DIC abundances to lower pH, also causing a slight decrease in the crossover pH (Fig. 9B, Tables 9 and 10) . At a salinity of 0, the crossover pH is 10.30 for T = 0°C and 9.70 for T = 50°C (Table 11). Calcite D 63 at equilibrium is 0.470 & at T = 0°C and 0.332& at T = 50°C.
The combined effects of temperature and salinity increases can be seen in Fig. 9C . and Table 10 . At T = 0°C and S = 0, the clumped crossover pH is 10.30 and calcite D 63 at equilibrium is 0.470&, while at T = 50°C and S = 50, the clumped crossover pH is 7.94 and calcite D 63 at equilibrium is 0.332&. Changes in the clumped crossover pH will affect both the direction and magnitude of the disequilibrium calcite D 63 (Fig. 8) . This affects the Fig. 9 . Effects of (A) salinity, (B) temperature, and (C) both salinity and temperature on D 63 of the DIC pool and the calcite clumped crossover pH (Table 10 ). (A). As salinity increases from 0 to 50 at a constant temperature = 25°C, the crossover pH changes from pH = 9.9 to 8.40. (B). As temperature changes from 0°C to 50°C at salinity = 0, the crossover pH changes from pH = 10.3 to 9.74. The calcite equilibrium D 63 also changes from 0.470 to 0.332&. (C). As salinity increases from 0 to 50 and temperature increases from 0°C to 50°C, the crossover pH changes from pH = 10.30 to 7.94. The calcite equilibrium D 63 also changes from 0.470 to 0.332&. interpretation of the disequilibrium D 63 as being an over or underestimation of the actual temperature of formation. Table 11 shows the potential over or underestimation of temperature by misinterpretation of the calcite disequilibrium D 63 (inherited from the DIC D 63 ) for a range of pH, temperatures, and salinities. The clumped crossover pH for aragonite and witherite will also be affected by salinity and temperature, occurring at lower or higher pH respectively than calcite.
Implications
From our modeling results, we conclude that the composite clumped isotope signature of a DIC pool at equilibrium with the water in the solution at a given temperature depends primarily on pH (since pH determines the relative combinations of DIC species), and secondly upon salinity of the solution (due to its added effect on DIC speciation). Temperature also has a small effect on the speciation. Our best models show a difference of about 0.033& between a DIC pool consisting mostly of bicarbonate HCO À 3 À Á at pH $ 7 and a solution of mostly carbonate CO 2À 3 À Á at pH >$12 at 25°C. A calcite mineral precipitating from a DIC solution slowly enough to reach internal bulk equilibrium should have a D 63 independent of the DIC pool (Fig. 7) . In contrast, if the precipitation rate of calcite is so rapid that the calcite lattice does not have time to come to an internal isotopic equilibrium, and if the above mechanism for recording DIC speciation in carbonate minerals is correct (Section 4.2.1), then the calcite may inherit all or part of the clumped isotope signature of the DIC in the parent solution (Figs. 7 and 8) .
At pH values lower than the calcite clumped crossover pH (Section 4.2.3), with the above mechanism we would expect the disequilibrium D 63 of the rapidly precipitated calcite lattice to be greater than the expected calcite equilibrium value, resulting in a possible underestimation of formation temperature. As the pH decreases, the difference between disequilibrium and equilibrium values will increase. For pH values that are higher than the clumped crossover pH we would expect the disequilibrium D 63 of the calcite lattice to be less than its equilibrium value, resulting in a possible overestimation of formation temperature. The clumped crossover pH (where DIC and calcite equilibria are equivalent) varies primarily with salinity and secondarily with temperature (Fig. 9) . The effect of salinity can be significant; for example, the crossover pH for fresh water (S = 0) is predicted to be 9.90 compared to 8.55 in seawater (S = 35) at 25°C.
Our findings may in part explain some of the variability observed in calibration datasets. Differences in the temperature-D 47 calibrations for inorganic calcite reported by Ghosh et al. (2006) and Dennis and Schrag (2010) could partially reflect pH effects. It is possible that some of the systematic scatter observed in biogenic calibration data may also arise from pH Tripati et al., 2010; Thiagarajan et al., 2011; Eagle et al., 2013) . Future studies may show there are systematic environmental and biological differences in calibrations between taxa originating from DIC speciation effects. At least some marine calcifiers (such as corals, e.g. Al-Horani et al., 2003) can maintain calcifying fluid pH values that are significantly different from that of seawater and probably retain the ability to buffer their internal pH from changes in external pH. Organisms that elevate their pH substantially to calcify may have D 47 systematically offset to lower values compared to organisms that calcify at near ambient pH. Hence we do not expect all marine calcifiers to be passive tracers of pH and salinity effects on the isotopic distributions in seawater DIC. Further, assuming a calcifying fluid pH similar to ambient waters, then it is possible that calcifiers characterized by rapid growth rates that are living at greater depth in the ocean and thus at lower temperatures, and typically lower pH, might exhibit higher D 47 values due to increased HCO À 3 concentrations. We might also expect to find lower D 47 disequilibrium values in highly alkaline environments, such as California's Mono Lake, pH of $10, in conditions of rapid growth. Table 11 Calcite clumped crossover pH and calcite equilibrium D 63 for a range of temperatures and salinities calculated with the B3LYP/6-311++G(2d,2p) supermolecular models and apparent temperatures based upon misinterpretation of calcite disequilibrium D 63 (inherited from equilibrium DIC D 63 ) as the equilibrium calcite D 63 for a range of temperatures (T) and salinities (S) at pH = 5 and pH = 12 (Sections 4.2.2, 4.2.3, and 4.3). As either salinity or temperature increases, the clumped crossover pH decreases. The effect of salinity is greater than that of temperature. The calcite equilibrium D 63 also decreases with temperature, but is independent of salinity and pH (Fig. 7, Tables 10 Thus, the potential effects of pH, salinity, and temperature upon the misinterpretation of "apparent temperature" of a calcite crystal that precipitates under disequilibrium conditions can be quite large if the disequilibrium D 63 is misinterpreted as the equilibrium D 63 . For example, at 25°C and S = 0, a spurious difference of 11.9°C could be implied between the "apparent temperatures" of pH = 7 and pH = 12 (Table 11) . If we add a change in salinity from S = 0 (fresh water) to S = 35 (sea water), then the difference in apparent temperatures becomes 12.3°C. If we consider the difference between cold freshwater environments at high latitudes (S = 0, T = 0°C, pH$7) and warm hypersaline environments (SP50, T = 50°C, and pH$12), the difference in apparent temperature in disequilibrium conditions could be as high as 63.5°C compared to the actual temperature difference of 50°C. In subsurface environments the range in conditions and other parameters could be considerably bigger. For potential application of clumped isotope thermometry to processes in the shallow crust, the range in temperature and solution chemistry could be even larger. These theoretical calculations emphasize the need for further study to understand the potential effects of DIC speciation and solution chemistry on D 63 and D 47 from carbonates precipitating from diverse environments at both equilibrium and disequilibrium.
CONCLUSIONS
In this work, we have investigated pH as a possible driver of the clumped isotope fractionation of precipitating carbonate minerals that fail to reach an internal bulk isotopic equilibrium. Many carbonate minerals precipitate from some kind of solution containing dissolved inorganic carbon (DIC). Here we explore theoretically the nature of clumping in the individual DIC species and the composite solution under a variety of conditions, including varying pH, salinity, temperature, and isotopic composition, and speculate about their effects upon the resultant disequilibrium clumping of the precipitates.
In order to find the best models for determining clumped isotope, oxygen, and carbon fractionation of aqueous dissolved inorganic carbon (DIC) species and carbonate minerals, we performed convergence and sensitivity testing on several different levels of theory combined with four different solvation techniques. We determined the B3LYP/6-311++G(2d,2p) to be a reasonable compromise between model accuracy and computer efficiency for solvated DIC species. We have also demonstrated that supermolecular clusters of 21 or more water molecules surrounding a single species are better predictors of D 63 , 13 C/ 12 C, and 18 O/ 16 O for the DIC species than gas phase, implicit solvation or explicit solvation (with 3 waters) models.
We calculated D 63 , 13 C/ 12 C, and 18 O/ 16 O for each of the DIC species and the calcite and aragonite minerals using cluster models with B3LYP/6-311++G(2d,2p). This is the first time this cluster modeling technique has been applied to both crystals and aqueous species, allowing comparison of clumped isotope signatures of all species within a consistent computational and theoretical framework. We then calculated the composite D 63 for the total DIC pool at equilibrium with water and determined its dependence on pH, salinity, and temperature. We compared the equilibrium calcite lattice D 63 values with the DIC values for a given temperature and predicted the size and direction (i.e., over or underestimation of interpreted temperature) of possible disequilibrium D 63 that the calcite lattice might inherit from the DIC species if the calcite crystal does not have enough time to equilibrate fully during precipitation. We defined the clumped crossover pH of a crystal precipitating at disequilibrium, showed its dependence on salinity and temperature, and discussed the implications for over or underestimation of apparent temperature. We also suggested under what conditions disequilibrium conditions might be found.
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APPENDIX A
A.1. Calculation of equilibrium D 63
Here we describe the steps in the calculation of D 63 as defined in Eq. (2) in Section 2.1. Section A.1.1 describes the calculation of the equilibrium constants and relative abundances of the isotopologues of a carbonate phase that has attained an internal thermodynamic equilibrium. Section A.1.2 details the internal isotopic exchange reactions needed to calculate the equilibrium constants, and Section A.1.3 demonstrates the calculation of the stochastic isotopologue abundances.
The supermolecular clusters used in this study contain multiple water molecules with geometries generated by molecular dynamics (Section 2.5) and thus have C1 (i.e., no) symmetry. In such models carbonate, bicarbonate, and carbonic acid species each have 54 distinct isotopomers 7 (2 * 3 * 3 * 3 = 54). (Supermolecular clusters with carbon dioxide have 18 distinct isotopomers (2 * 3 * 3 = 18).) The calculation of D 47 (CO 2 ) is similar to that for D 63 CO 2À 3 À Á and is detailed in Wang et al. (2004) . In order to calculate the relative abundances of each isotopomer, we set up 50 isotopomer exchange reaction equations in which 50 isotopomers are expressed in terms of the remaining 4 independent isotopomers. Each equation i has its own temperature-dependent equilibrium constant Ki. The Ks are calculated from the reduced partition function ratios for each isotopomer. The relative isotopomer masses are then calculated by solving the isotopomer exchange reaction equations and the mass balance equations as a series of dependent equations (using the fsolve function in either MATLAB or SciLab 5.3.3, which employs the Powell dogleg method of solving systems of nonlinear algebraic equations (Powell, 1970) ). For systems with a higher symmetry, isotopologue abundances can be calculated by summing the abundances of all isotopomers associated with a given isotopologue.
A.1.1. Calculation of the relative isotopomer equilibrium abundances for a given temperature T To find the relative isotopomer abundances we set up the isotopomer exchange equations for each isotopomer, relating the equilibrium constants K i to the relative isotopomer concentrations (see Section A. where R is the universal gas constant, T is temperature in Kelvin, and DE is the change of Gibbs free energy of the reaction between the products and reactants. The equilibrium constants are calculated from the reduced partition function ratios of the isotopomers, a measure of the relative energies or probabilities of the products vs. the reactants (see Schauble, 2004 , for a detailed discussion, and Urey, 1947; Bigeleisen and Mayer, 1947 , for the seminal derivations). The reduced partition functions are calculated from the vibrational frequencies derived from ab initio models of each isotopomer, such that
where Q i is the reduced partition function of isotopologue i, m i is the ith vibrational frequency (in cm À1 ) and r is the rotational symmetry number of isotopologue i, h is Planck's constant, k is Boltzmann's constant, c is the speed of light (in cm/sec), and T is the temperature in Kelvin. The accuracy of the results depends upon the accuracy of the ab initio models and the underlying assumptions of the level of theory used in the program (Section 2.5).
The equilibrium constants for each exchange reaction are determined from the relevant reduced partition function ratios for each isotopomer such that (for example) 
The relative isotopomer masses (xi) are calculated from Eq. (A12) (obtained from substituting the K's into Eq. (A11) as exampled with Eq. (A3)), combined with 4 mass balance equations Eqs. (A14)-(A17). The mass balance equations for the above system are as follows, where x16O, x17O, x18O, x13C, and x12C are the relative abundances of O, and composite b 17 O for the 3 DIC species, calcite lattice, and aragonite lattice from 0°C to 1000°C as calculated by the B3LYP/6-311++G(2d,2p) supermolecular models. DIC values are the averages of the set of 10 conformers for each species. Values are unscaled. Standard errors (se) are included for each set of supermolecular clusters (Fig. 3) Eq. (A14) sets the sum of all the isotopomer relative abundances to unity. Eq (A15) -(A17) set the sum of all isotopomers containing 13 The abundance of an isotopologue with more than one isotopomer is the sum of the abundances of each isotopomer (whether its isotopomers are distinct or not); for example,
Note that the direction of the isotope exchange reaction equations in Wang et al. (2004) is set up in the reverse order of later papers listing the exchange reactions, such as Schauble et al. (2006) ; Guo et al. (2009) , and this work. (Table A3) . /6-311++G(2d,2p) from the temperature range 0 to 1000°C. Gaps in the graph are due to larger increments between temperature when T > 100°C (see Table B .3 in Appendix B, the Electronic supplement. (CO 2 (g) ) at T = 300 K (26.85°C) predicted by several models from this study with the two models presented in Wang et al. (2004) . The B3LYP, MP2, QCISD, and CCSD models are the best fit with the Wang et al. models (Table A8) . Fig. A7 . Sample SCF energy plot versus a series of optimization steps in the process of searching for an optimized geometry for a supermolecular cluster containing a carbonate ion surrounded by 21 waters. After about 100 optimization iterations, the computational chemistry program is oscillating around a minimum energy point, having trouble finding the local minimum energy geometry due to the flatness of the potential energy field. User intervention is required to help the optimization converge (see Sections 2.5 and A.4). A.1.3. Calculation of stochastic abundances for a carbonate phase The stochastic isotopomer abundances (i.e., the denominator in Eq. (2)) do not depend upon temperature since they are determined from the isotopic makeup of the carbonate and the probability of the occurrence of each isotopologue within that configuration. For example, let x13C and x12C represent the relative abundances of 13 C and 12 C respectively in the carbonate, and similarly x18O, x17O, and x16O, the relative amounts of 18 O, 17 O, and 16 O in the carbonate, such that x12C*x13C = 1 and x16O*x17O*x18O = 1. Then O, and as calculated using the four solvation techniques with B3LYP and 3 different Pople basis sets at 25°C (see Fig. A2A-C (6-311++G(2d,2p) ). CO 2 was the main exception where D 63 (6-31G * ) < D 63 (6-311G * ) but D 63 (6-31G * ) > D 63 (6-311++G(2d,2p) ) and D 63 (6-31G * ) > D 63 (aug-cc-PVTZ). Calculations of D 63 using the 6-311++G(2d,2p) and aug-cc-pVTZ valence triple zeta basis sets were very close, and deviated from each other by an average of <0.001& (range 0.000 to 0.006&), most likely indicating a convergence close to the complete basis set limit. Overall, we found that results from different levels of theory showed similar trends for the five species investigated ( Fig. A1A-E) . D 63 , b 13 C, and b 18 O of a given species showed similar trends across the methods. RHF, the simplest level of theory, had consistently higher results than high-accuracy methods. In general, M06 and M06-2X were next highest; B3LYP values were similar to MP2, and very close or slightly lower than QCISD. CCSD values were slightly higher than QCISD values. PBE models gave the lowest values. Rustad et al. (2008) found that of the combinations they tested, the B3LYP method combined with the aug-cc-pVDZ basis set (correlation-consistent polarized valence double zeta with polarization augmented with diffuse functions) gave the best match to experiment for b 13 C. Use of the 6-311++G(2d,2p) basis set gives similar results to the even larger aug-cc-pVTZ (valence triple zeta), but is less computer intensive. We conclude that the B3LYP/6-311++G(2d,2p) model is a reasonable compromise between accuracy and computer efficiency for the calculation of D 63 , b 13 C, and b 18 O (see Fig. A7 ).
A.2.2. Comparison of measured and model CO 2 (g) vibrational frequencies and bond lengths
We compared the CO 2 (g) vibrational frequencies and C@O bond lengths using each method/basis set combination with measured frequencies, corrected for anharmonicity (Table A4) (Tashkun et al., 1998; Ding et al., 2004) . The QCISD/6-311++G(2d,2p) model has the smallest rootmean squared misfit (RMS 11 ) (13.8 cm
À1
); the B3LYP/6-311++G(2d,2p) model has the next best RMS (14.0). In general, the QCISD and the B3LYP methods yield the smallest RMS values. The RHF models have the largest RMS misfits (245.0 to 279.2 cm À1 ). Next highest are the M06 and M06-2X models ranging from 83.8 to 141.5 cm
. The QCISD/6-311G * and the QCISD/6-311++G(2d,2p) predicted C-O bond lengths that were the closest to the experimental length of 1.1621 Å (Oliphant and Bartlett, 1994) : (1.1621 Å and 1.1617 Å respectively). All B3LYP methods (except 6-31G * ) predict a bond length of 1.1604 Å . Eight of the ten M06 and M06-2X model bond length predictions deviate by more than .0067 Å from the experimental value. Again, the B3LYP method, combined with the valence triple zeta, polarized 6-311++G(2d,2p) basis set with diffuse functions appears to be the best balance between accuracy and computational efficiency. Table A5 shows bond lengths and select vibrational frequencies for each DIC species with the 4 solvation techniques for B3LYP/6-311++G(2d,2p) models. In general, the more accurately solvated models have smaller intramolecular bond lengths. Vibrational frequencies com- O, and composite K3866 for the calcite and aragonite lattices, and one conformer from each DIC species. Results are shown with no scaling (scale factor = 1.0), harmonic scale factor (.998) and zero point vibrational energy scale factor (.985) for B3LYP ab initio method (see Table A6 ) at 25°C. All results are from the B3LYP/6-311++G(2d,2p) models. pare reasonably well with experiment. Rustad et al. (2008) has a detailed discussion of the effects of gas vs. implicit solvation vs. cluster models on the vibrational frequencies and the bond lengths, with which our results generally agree.
A.2.3. Comparison of DIC Species with experimental bond lengths and vibrational frequencies
A.2.4. Effects of scaling the vibrational frequencies
Model predictions for a few species were calculated using both unscaled and scaled vibrational frequencies. Two kinds of method-and basis-set-specific scaling factors were used (Table A6) : based on fitting to (1) harmonic frequencies and (2) zero-point vibrational energies (ZPVE) as described in Zhao and Truhlar (2008) . The scaling factors are different for each ab initio and DFT method (Table A7) .
In most cases, unscaled models predict b 18 O, b 13 C, and D 63 slightly larger than equivalent models using harmonic scaling, which are in turn slightly larger than equivalent models with ZPVE scaling. In general, the unscaled models did a better job of predicting oxygen and carbon isotope fractionations than did the scaled models. In the absence of a compelling case for scaling, our results presented in this work use unscaled vibrational frequencies.
A.3. Renormalizing the fractional abundances of DIC species when omitting the CO 2 (aq)
The fractional abundances of the 3 DIC species ½CO 2 ðaqÞ þ H 2 CO 3 ; HCO À 3 , and CO 2À 3 . are calculated using the equations of Millero et al. (2006) with Eqs. (2) and (3). The very small amount of H 2 CO 3 is included with the CO 2 (aq) species. These abundances are shown in Table 10 and Fig. 6 . However, as discussed in Section 4.1.2, the CO 2 (aq) portion of the DIC pool is omitted from the calculation of the composite DIC D 63 since CO 2 does not Table A8 Comparison of theoretical clumped isotope signatures of CO 2 (g) for T = 300K (26.85°C) from this work with values from two different models presented in Wang et al. (2004) (Fig. A5) We found it very difficult to obtain optimized geometries of supermolecular clusters containing DIC species surrounded by multiple water molecules, presumably because the potential energy field of the cluster is very flat due to numerous weak H bonds. Often the geometry iteration process (a gradient based optimization) proceeds smoothly for several steps but then oscillates around a stationary point without being able to converge (see Fig. A6 ). In such cases, one can intervene and choose the molecular geometry of one of the iteration steps preceding the start of the oscillations and then restart automatic optimization. Regenerating an initial Hessian is also helpful.
If self-consistent field (SCF) iterations do not converge, then it is helpful to try a different method, such as Fermi temperature broadening or a quadratically convergent SCF procedure. If an error occurs in which there are atoms too close together, it is necessary to back up a few iterations and start over with an earlier geometry. If an internal coordinate error occurs, indicating a problem with the automatic generation of redundant internal coordinates, then it is necessary to optimize using Cartesian coordinates.
It is useful to save the checkfile file in order to save the Hessian, which can be used to obtain the vibrational frequencies of the different isotopologues. It also useful if a long-running job needs to be restarted.
In order to facilitate optimizations of systems using larger and larger basis sets, we used the "bootstrap" method. We first obtained the optimized geometry with a small basis set, such as 6-31G * and determined the force constant Hessian analytically. This Hessian was reused as an initial guess for the next larger basis set, and so forth. Sometimes a system optimizes to an apparently satisfactory stationary point but has trouble converging during the frequency calculations. In such cases it is useful to tighten the quadrature grid used by the DFT method. During long frequency calculations, it is also helpful to use the readwrite file (xx.rwf) to save intermediate calculation results that are not saved in the checkpoint file.
APPENDIX B. SUPPLEMENTARY DATA
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/ j.gca.2013.06.018
